Abstract Hypoxia is an important factor in regulation of cell behavior both under physiological and pathological conditions. The mechanisms of hypoxia-induced cell death have not been completely elucidated yet. It is well known that Ca 2+ is critically related to cell survival. Hypoxia-inducible factor-1α (HIF-1α) is a core regulatory factor during hypoxia, and L-type voltage-dependent Ca 2+ channels (L-VDCCs) have been reported to play a critical role in cell survival. This study was conducted to explore the relationship between L-VDCC expression and HIF-1α regulation in PC12 cells under hypoxia. PC12 cells were treated at 20 or 3 % O 2 to observe its proliferation and the intracellular calcium concentration. Then, we detected the protein expression of HIF-1α and L-VDCCs subtypes, Ca v 1.2 and Ca v 1. 
Introduction
Reduced O 2 tension, or Bhypoxia,^is an event that cells experience under both physiological and pathological conditions (Patel and Simon 2008) . Physiological hypoxia stimulates rapid cell proliferation during early embryonic development including the development of hematopoietic and circulatory systems (Patel and Simon 2008) . On the other hand, severe hypoxia results in cell death under pathological conditions. Tissue injury resulting from deprivation of oxygen is involved in the development of various diseases such as stroke and myocardial infarction. It is believed that apoptotic cell death plays a significant role in ischemia-induced tissue injury (Guo et al. 2001) . It has been reported that the infarct center area after stroke is in a state of hypoxia, which facilitates passing of Ca 2+ through the tight junctions into endothelial cells and causes cell death (Brown and Davis 2002) . In vitro experiments have also shown that <1 % O 2 induces the death of different type of cells including human neural stem cells (Santilli et al. 2010a) .
Hypoxia-inducible factors (HIFs) are the principal transcription factors that regulate gene expression in response to hypoxia and mediate the adaptive response of cells to hypoxia (Patel and Simon 2008) . They form a heterodimer composed of α and β subunits. Expression of the β subunit is independent of O 2 concentration, whereas the protein stability of the α subunit is regulated according to cellular O 2 levels. Under normoxic conditions, the α subunit is degraded through a process involving hydroxylation. During hypoxia, HIF-1α accumulates and binds to the specific hypoxia response element (HRE) of target gene promoters to initiate gene transcription (Loor and Schumacker 2008) . In response to hypoxia, HIFs upregulate the expression of various genes such as vascular endothelial growth factor (VEGF), erythropoietin, and transferring (Wenger 2002) .
The mechanisms of hypoxia-induced cell death have not been completely elucidated yet. It is well known that Ca 2+ is critically related to cell survival. An increase in Ca 2+ may promote cellular proliferation, whereas intracellular calcium overload will induce a severe oxidative stress reaction causing cell death. Electrophysiological data show that hypoxia promotes the closure of O 2 -sensitive K + channels (Youngson et al. 1993) , which leads to cell depolarization followed by activation and opening of voltage-dependent Ca 2+ channels (VDCCs). In addition, hypoxia upregulates the expression of these ion channels (Del Toro et al. 2003; Alberdi et al. 2010 ). The inflow of excessive Ca 2+ through these VDCCs results in the inhibition of cell proliferation. Among VDCCs, L-type VDCCs (L-VDCCs) are closely related to neuron survival or death (West et al. 2001; Veng et al. 2003) . Moreover, LVDCCs are classified into four subtypes, Ca v 1.1, Ca v 1.2, Ca v 1.3, and Ca v 1.4. Only Ca v 1.2 and Ca v 1.3 are expressed in the nervous system (Dolphin 2009 ). However, it is unknown whether hypoxia induces inhibition of cell proliferation by influencing the expression of L-VDCCs in PC12 cell.
Some studies have reported that HIF regulates the expression of VDCCs. In smooth muscle cells of mouse pulmonary arteries, chronic hypoxia upregulates the expression of storeoperated Ca 2+ channels (SOCCs). HIF-1α overexpression in these cells also causes an increase in SOCCs, even under normoxia . In PC12 cells, the expression of T-type voltage-dependent Ca 2+ channels increases under chronic hypoxia but decreases with expression of anti-sense HIF-1α messenger RNA (mRNA). These data suggest that the level of VDCCs may be regulated by HIF-1α (Del Toro et al. 2003) . However, neither relationship of HIF-1α and L-VDCC expression nor the mechanisms of HIF-1α regulating the expression L-VDCCs have been addressed clearly.
So now, we know that severe hypoxia results in cell death, intracellular calcium overload will induce cell death, but it is still not clear about the relationship between hypoxia and calcium channel. In the present study, we used PC12 cells as a cell model. The PC12 cell line is an O 2 -sensitive noradrenergic clonal line of rat adrenal pheochromocytoma cells, which is a useful model system for neurobiological and neurochemical studies (Conrad et al. 2001; Greene and Tischler 1976) . We evaluated the effects of hypoxia on the cell viability (Spicer and Millhorn 2003) , HIF-1α expression, and intracellular Ca 2+ concentration ([Ca 2+ ] i ) of PC12 cells. To explore the regulation of L-VDCC expression by HIF-1α, the HIF-1α inhibitor echinomycin was used to block the function of HIF-1α (Kong et al. 2005) . Protein expression of two neuronspecific L-VDCCs, Ca v 1.2 and Ca v 1.3, was examined under normoxia and hypoxia with or without echinomycin treatment. Luciferase reporter assays were also performed to test the effects of HIF-1α on the expression of Ca v 1.2 and Ca v 1.3.
Materials and methods

PC12 cell culture
PC12 cells were cultured in RPM 1640 medium (Hyclone, Utah, USA) supplemented with 10 % fetal bovine serum (Hyclone, Utah, USA). The cells were incubated in a humidified atmosphere with 5 % CO 2 at 37°C.
Cell viability assay under hypoxia
Cell counting and a cell viability assay were used to evaluate cell proliferation under hypoxia (Wang et al. 2013; Shi et al. 2011) . Cells were seeded in 12-well plates (Corning, New York, USA) at a density of 1.5×10 5 cells/ml for cell counting or 96-well plates (Corning, New York, USA) at a density of 1.5×10 5 cells/ml for the viability assay. After incubation for 24 h in 20 % O 2 to stabilize the cell status, the cells were placed in a hypoxic incubator with 3 % O 2 /5 % CO 2 /92 % N 2 or maintained in the normoxic incubator for another 24 h. Cells for counting were harvested and stained with trypan blue, and the cell number was determined using a hemocytometer. During the viability assay, MTS (tetrazolium comp o u n d , 3 -( 4 , 5 -d i m e t h y l t h i a z o l -2 -y l ) -5 -( 3 -carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt) (Promega, Wisconsin, USA) was added to each well followed by incubation for 4 h at 37°C. Absorbances at 490 nm were then quantified in a microplate reader (BioRad, California, USA). ]) assay were modified from Guo et al. (2010a) . Cells were cultured on coverslips for 24 h to stabilize in 20 % O 2 and then incubated in 20 % or 3 % O 2 for another 24 h. A Ca 2+ -specific fluorescent dye, Fluo4-AM (Dojindo Laboratories, Japan) at 2 μM was loaded to the cells followed by incubation at 37°C for 30 min. After washing with PBS to remove excessive extracellular dye, the cells were maintained in 37°C for 20 min to completely convert intracellular Fluo4-AM to Fluo4 through esterolysis. The fluorescence intensity of three randomly selected areas under normoxia or hypoxia was then measured by cofocal laser scanning microscopy (CLSM) (Zeiss, Germany). In each area, approximately 25-30 cells were randomly selected for analysis. The mean intensity was calculated and analyzed as the [Ca 2+ ] i .
Echinomycin concentration screening
Cells were seeded in 96-well plates at a density of 1.5×10 5 cells/ml and incubated for 24 h to stabilize under normoxia. The HIF inhibitor echinomycin at 0.2, 1, 5, and 25 nM was added to the cultures. The cells were then placed in a hypoxic incubator or maintained in the normoxic incubator for another 24 h. Then, MTS (10 μl/well) was added to the cells, followed by incubation at 37°C for 4 h. Absorbances at 490 nm were quantified in the microplate reader. Echinomycin concentrations with minimum cytotoxicity were selected as the treatment doses in the following experiments that tested the effects of HIF-1α inhibition on the expression of L-VDCCs.
Western blot analysis
Cells were plated in 60-mm dishes (Corning, New York, USA) at a density of 1.5×10 5 cells/ml and incubated for 24 h to stabilize under normoxia. Echinomycin at 1 or 5 nM was then added to the dishes. The cells were then placed in a hypoxic incubator or maintained in the normoxic incubator for another 24 h. Then, the cells were harvested, and their proteins were extracted with RIPA Buffer (50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0 % Igepal CA-630 (NP-40), 0.5 % sodium deoxycholate, and 0.1 % sodium dodecyl sulfate) (Sigma, New Jersey, USA). About 80 μg of the each protein extract was separated by SDS-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane (Millipore, Boston, USA) in a wet-blotting system (BioRad, California, USA) for 120 min. Membranes were blocked for 2 h at room temperature in a solution containing 5 % milk powder and then incubated overnight with anti-Ca v 1.2 (rabbit polyclonal; Alomone, Israel), anti-Ca v 1.3 (rabbit polyclonal; Alomone, Israel), anti-α-tubulin (mouse monoclonal; Sigma, New Jersey, USA), anti-HIF-1α (mouse monoclonal; Novus, Colorado, USA), or anti-β-actin (mouse monoclonal; Sigma, New Jersey, USA) primary antibodies. The membranes were then incubated with goat anti-mouse or goat anti-rabbit secondary antibodies coupled to horseradish peroxidase for 2 h at room temperature. The antigen-antibody complexes were visualized using an ECL kit (Thermo Fisher, Massachusetts, USA) followed by exposure to photographic film (Kodak, Rochester, New York, USA).
Real-time RT-PCR
Cells were plated in 60-mm dishes at a density of 1.5×10 5 /ml and then incubated for 24 h to stabilize under normoxia. Echinomycin at 1 or 5 nM was added to the dishes. The cells were then placed in a hypoxic incubator or maintained in the normoxic incubator for another 24 h. Total mRNA was extracted from the cells and cDNA was synthesized by reverse transcription. The primer was Oligo-dT. The enzyme used was MLV reverse transcription kit (Promega, Wisconsin, USA). We used the SYBR system and the comparative Ct method. The following primers were used for real-time PCR: VEGF F, 5′-GCAACGTCACTATGCA GATCATG-3′; VEGF R, 5′-GCTATGCTGCAGGA AGCT CAT-3′; Ca v 1.2 F, 5′-ACGCCCAGCTCATGCCAACA-3′; Ca v 1.2 R, 5′-ATACTGCTGCCGCTTCCGCT-3′; Ca v 1.3 F, 5′-CTGCGCAGGCAAAACAGCCA -3′; Ca v 1.3 R, 5′-AGGCCTGCAACGGCCATGAT-3′; β-actin F, 5′-CCAG TTCGCCATGGATGAC -3′; and β-actin R, 5′-ATGCCG GAGCCGTTGTC-3′. β-Actin was used as the internal control. The real-time PCR assay kit was SYBR R Premix Ex Taq TM (Takara, Japan). PCR conditions were as follows: 95°C for, 5 min; 95°C for 30 s, 56°C for 20 s, and 72°C 20 s for 40 cycles; and 95°C for 1 min.
Luciferase reporter assays
The gene sequences of Ca v 1.2 and Ca v 1.3 were obtained from the NCBI database, and then primers were designed to amplify target fragments (Ca v 1.2 F, 5′-CCGCTCGAGCCAGTGC AGGTTAACA CAGTTA-3′ and Ca v 1.2 R, 5′-CCCAAGCT TTGTGACTCCAGTTGGGGACCAA-3′; Ca v 1.3 F, 5′-CCGCTCGAGAGTATTCATTCCTAAACGAGTC-3′ and Ca v 1.3 R, 5′-CCCAAGCTTCACG AACATTTATTGAGC GCCTACT-3′). Endonucleases XhoI and HindIII were used to digest the PCR products and pGL3 plasmids (Promega, Wisconsin, USA). T4 ligase was used to clone the specific fragments into the plasmids. Escherichia coli were transformed with the plasmids containing target fragments for amplification. The control plasmid was pRL-SV40 (Promega, Wisconsin, USA). PC12 cells were seeded in 24-well plates and cultured overnight. The cells were transfected with the reporter gene plasmids pGL3-Ca v 1.2/pGL3-Ca v 1.3 or the pRL-SV40 control plasmid. Echinomycin at 1 or 5 nM was added to the cells after 24 h. The cells were then placed in a hypoxic incubator or maintained in the normoxic incubator for another 24 h. Then, the cells were harvested and applied to a Dual-Luciferase Reporter Assay (Promega, Wisconsin, USA). Firefly luciferase activity and Renilla luciferase activity were detected with a Fluoroskan Ascent FL (Thermo Scientific, Massachusetts, USA).
Statistical analysis
All data are presented as the means±SEM. Statistical significance was assessed using the Student's t test for unpaired samples or one-way analysis of variance followed by the Student-Newman-Keuls post hoc test for data from more than two groups apart from the results of cell counting, which was assessed with Welch's test. P<0.05 was considered to be statistically significant.
Results
Hypoxia inhibits the proliferation of PC12 cells
Hypoxia has different effects on various of cell types depending on the oxygen content and exposure time (Santilli et al. 2010b) . To confirm the effect of hypoxia on cell survival, PC12 cells were used and cultured under normoxia or hypoxia (3 % O 2 ) for 24 h, and then the number of cells was examined by cell counting and MTS assays. The results of cell counting showed that the number of cells under hypoxia was lower than that under normoxia (17.58±2.13×10 4 vs. 24.33±2.81×10 4 ) (Fig. 1a-e) . To verify the above data, cell viability was quantified by MTS assays. We found that cell viability was reduced under hypoxia compared with that under normoxia (1.40 ± 0.05 vs. 1.60 ± 0.05) (Fig. 1f) . These data showed that hypoxia inhibited the proliferation of PC12 cells. ] i in PC12 cell Ca 2+ is thought to be important for cell survival. Therefore, we considered that excessive Ca 2+ inflow may contribute to the hypoxia-induced inhibition of cell proliferation. [Ca 2+ ] i was examined by loading Fluo4-AM dye into the cells. Ca 2+ imaging by CLSM showed that the fluorescence intensities of cells exposed to hypoxia was augmented significantly compared with that of cells under normoxia (Fig. 2) , indicating that hypoxia increased [Ca 2+ ] i . Our previous study showed that L-VDCCs are closely associated with hypoxia-induced cell proliferation (Guo et al. 2010a) , suggesting that excessive Ca 2+ might result from L-VDCCs. Hypoxia induces protein expression of Ca v 1.2, Ca v 1.3 and HIF-1α.
To verify our hypothesis, we detected the protein expression of L-VDCCs. As shown in Fig. 3a and b, both Ca v 1.2 and Ca v 1.3 protein expression were upregulated when exposed to hypoxia. This was in accordance with our previous data (Guo et al. 2010b) , which may explain the high [Ca 2+ ] i . Furthermore, we tested the protein expression level of HIF-1α, which is one of the key regulators during hypoxia in PC12 cell (Semenza 2000; Baranova et al. 2007 ). As shown in Fig. 3c and d, HIF-1α protein expression was higher under hypoxia than that under normoxia. Consistent with previous result in neural stem cells (Xiong et al. 2009 ), the level of HIF-1α protein expression was increased in PC12 cells after hypoxia.
Cytotoxic effects of echinomycin and its inhibitive effects on HIF-1α
To determine the relationship between HIF-1α and L-VDCCs, echinomycin was used to inhibit the function of HIF-1α under hypoxia. Various concentrations of echinomycin were first tested to determine appropriate doses with minimum cytotoxicity. As shown in Fig. 4a and b, all tested concentrations of echinomycin were toxic to PC12 cells at 24 and 48 h. Therefore, we reduced the amount of echinomycin. As shown in Fig. 4c , 0.2 and 1 nM echinomycin had little effect on cell viability, 5 nM echinomycin had a slight effect, and 25 nM echinomycin was detrimental to cell viability. According to a previous study (Kong et al. 2005) , the EC 50 of echinomycin is 1.2 nM. Therefore, 1 and 5 nM echinomycin were selected and used in the subsequent experiments.
Because VEGF is a recognized target gene of HIF-1α (Carmeliet et al. 1998) , in which HIF-1α binds to the HRE of the VEGF gene promoter to promote transcription, we detected the mRNA expression of VEGF in echinomycin-treated cells. As shown in Fig. 4d , hypoxia increased the mRNA expression of VEGF. After treatment with 1 or 5 nM echinomycin for 24 h, VEGF mRNA expression decreased dose dependently. This result suggested that 1 and 5 nM echinomycin mostly inhibited the function of HIF-1α with little effect on the viability of PC12 cells. (Fig. 5a-c ) and mRNA levels (Fig. 5d, e) . After HIF-1α inhibition by echinomycin, Ca v 1.2 and Ca v 1.3 protein expression was downregulated in a dose-dependent manner (Fig. 5a-c expression of HIF-1α. Moreover, we found upregulated expression levels of L-VDCC subtypes Ca v 1.2 and Ca v 1.3 in PC12 cell under hypoxia and proved that Ca v 1.2 gene was a potential target ofHIF-1α. These data suggest that HIF-1α upregulates L-VDCCs such as Ca v 1.2 in neurons experiencing hypoxia. Subsequently, upregulation of L-VDCCs resulted in an increase in [Ca 2+ ] i , which finally contributed to hypoxia-induced inhibition of neuronal cell proliferation. This is the first report of a mechanism in which HIF-1α plays a role in hypoxia-induced inhibition of cell proliferation by regulating the expression of L-VDCCs in neurons.
Ca 2+ is one of the most important second messengers in regulating various of signaling pathways. Calcium-mediated pathways are essential for cell physiology as well as the pathogenesis of many diseases such as Alzheimer's disease, brain ischemia, epilepsy, and Parkinson's disease (Kanazawa et al. 2008; Parekh 2008; Sanz-Blasco et al. 2008; Gandhi et al. 2009; Seo and Seo 2009; Supnet and Bezprozvanny 2010; Tornero et al. 2011) . Intracellular calcium overload triggers apoptosis in various cell types including neurons, which is a common event in several pathological situations including neurodegenerative disorders and ischemic stroke (Alberdi et al. 2010; Kanazawa et al. 2008; Gandhi et al. 2009; Seo and Seo 2009; Supnet and Bezprozvanny 2010; Tornero et al. 2011; Barsukova et al. 2011) . For example, exposure of PC12 cells to staurosporine causes cytosolic and mitochondrial Ca 2+ overload that is an essential event for initiation of cell death (Seo and Seo 2009) . In endothelial cells, Brown and Davis (2002) found that increased [Ca 2+ ] i inhibits cell proliferation and leads to the breakdown of the bloodbrain barrier. In our study, we found that hypoxia (3 % O 2 ) resulted in an increase in [Ca 2+ ] i and inhibition of PC12 cell proliferation. This finding suggests that increased [Ca 2+ ] i may contribute to the inhibition of PC12 cell proliferation.
Hypoxia-induced calcium overload has been reported in neurons and other cell types (Li and Gong 2007; Huang et al. 2009; Lu et al. 2010; Shuangyan et al. 2012) . For example, calcium overload is induced by chemical hypoxia in primary cultured rat hippocampal neurons Shuangyan et al. 2012) . Hypoxia also induces calcium flux through cortical neuron glutamate receptors via protein kinase C (Bickler et al. 2004) . Growing evidence suggests that Ca 2+ overload is one of the major contributors to myocardial ischemia/reperfusion-induced injury in which hypoxia/ reoxygenation occurs (S-s 2012).
In neurons under physiological and pathological conditions, entry of Ca 2+ into the cells is mediated through several mechanisms such as overactivation of glutamate receptors (NMDA, AMPA, and KA) or various channels and transporters (TRPM2, TRPM7, NCX, ASICs, Ca V 1.2, TRPC, LVGCCs, and hemichannels) (Alberdi et al. 2010; Jia et al. 2007; Szydlowska and Tymianski 2010) . Cytoplasmic calcium overload can also occur because of release from internal stores in the mitochondria and endoplasmic reticulum. Such increases in [Ca 2+ ] i can trigger a range of downstream neurotoxic cascades including dysfunction of ATP synthesis, abnormal activation of signaling pathways, and overactivation of enzymes such as calpains and other proteases, protein kinases, nitric oxide synthase, calcineurin, and endonucleases (Jia et al. 2007; Szydlowska and Tymianski 2010) . In PC12 cells, TVDCCs have been reported to contribute to cytotoxic calcium overload during ischemia, which is mediated at least in part by mitochondrial Ca 2+ uptake (Gouriou et al. 2013) . In our study, we found that hypoxia induced upregulation of L-VDCCs Ca v 1.2 and Ca v 1.3. This observation suggests that upregulated Ca v 1.2 and Ca v 1.3 expression may contribute to calcium overload that subsequently results in the inhibition of PC12 cell proliferation.
HIFs are the principal transcription factors regulating gene transcription in response to hypoxia (Zhao et al. 2008 ) and play important roles in the mechanism of cellular adaptation to oxygen deprivation. During hypoxia, HIF-1α levels accumulate and directly upregulate gene expression in neurons and other cell types (Loor and Schumacker 2008; Zhu et al. 2006; Rankin and Giaccia 2008) . More than 100 direct HIF target genes have been identified, which regulate a number of cellular processes including cell survival, apoptosis, resistance to oxidative stress, mitochondrial function, glucose metabolism, angiogenesis, erythropoiesis, proliferation, and invasion (Wenger 2002) . HIF also indirectly regulates cellular processes such as proliferation and differentiation through interactions with other signaling proteins such as C-Myc and Notch (Loor and Schumacker 2008; Rankin and Giaccia 2008) . For example, HIF can directly activate the expression of a number of genes including VEGF, VEGF receptors FLT-1 and FLK-1, plasminogen activator inhibitor-1, angiopoietin-1 and angiopoietin-2, platelet-derived growth factor B, the TIE-2 receptor, matrix metalloproteinase-2 and matrix metalloproteinase-9, heme oxygenase-1, nitric oxide synthase, and cyclooxygenase-2 (Loor and Schumacker 2008; Rankin and Giaccia 2008) . In neurons, HIF-1α-induced activation of the Notch pathway is essential for hypoxia-mediated maintenance of glioblastoma stem cells (Qiang et al. 2011) .
Our study showed that the expression levels of Ca v 1.2 and Ca v 1.3 were upregulated in response to hypoxia (3 % O 2 ). This finding is consistent with the reported upregulation of L-VDCC expression in PC12 cells (Peers et al. 2005; Webster et al. 2006) . In addition, expression of Ca v 1.2 and Ca v 1.3 was dose dependently decreased in PC12 cells treated with echinomycin. Interestingly, we found that the luciferase activity indicating Ca v 1.2 transcription was dose dependently decreased by echinomycin, whereas Ca v 1.3 gene transciption was increased dose dependently. Similarly, echinomycin (HIF-1α inhibitor) also downregulated mRNA levels of Ca v 1.2 but upregulated mRNA levels of Ca v 1.3. These data suggest that, in response to hypoxia, HIF-1α may directly regulate Ca v 1.2 transcription but not Ca v 1.3. The Ca v 1.3 gene might be an indirect downstream target gene of activated HIF-1α, and data of decreased expression of Ca v 1.3 suggest that Ca v 1.3 protein might be strongly degraded in hypoxia.
In conclusion, we found that HIF-1α might play a role in hypoxia-induced inhibition of cell proliferation by regulating the expression of L-VDCCs in neurons. On the other hand, the gene expression pattern in response to HIF activation is cell type specific. HIF activation in one cell lineage may not be evident in other cell types (Loor and Schumacker 2008) . Mechanisms of HIF-mediated calcium overload and inhibition of neuronal cell proliferation in response to hypoxia need to be investigated further in other cell lineages in vitro and in vivo.
